Repeated bottleneck passages of RNA viruses result in accumulation of mutations and fitness decrease. Here, we show that clones of foot-and-mouth disease virus (FMDV) subjected to bottleneck passages, in the form of plaque-to-plaque transfers in BHK-21 cells, increased the thermosensitivity of the viral clones. By constructing infectious FMDV clones, we have identified the amino acid substitution M54I in capsid protein VP1 as one of the lesions associated with thermosensitivity. M54I affects processing of precursor P1, as evidenced by decreased production of VP1 and accumulation of VP1 precursor proteins. The defect is enhanced at high temperatures. Residue M54 of VP1 is exposed on the virion surface, and it is close to the B-C loop where an antigenic site of FMDV is located. M54 is not in direct contact with the VP1-VP3 cleavage site, according to the three-dimensional structure of FMDV particles. Models to account for the effect of M54 in processing of the FMDV polyprotein are proposed. In addition to revealing a distance effect in polyprotein processing, these results underline the importance of pursuing at the biochemical level the biological defects that arise when viruses are subjected to multiple bottleneck events.
As a consequence of the quasispecies population structure, when a virus is subjected to an extreme bottleneck regime, such as successive plaque-to-plaque transfers, it accumulates deleterious mutations that result in fitness loss (reviewed in references 15, 21, and 33). These observations constitute experimental support for the Muller's ratchet hypothesis, which states that asexual populations of organisms tend to acquire deleterious mutations unless compensatory mechanisms (such as sex or recombination) intervene (39, 41) . Several lines of evidence indicate that population bottlenecks are abundant in the life cycle of viruses, both during host-to-host transmission and during intrahost replication (2, 8, 10, 22, 26, 32, 42, 45-48, 52, 53) . Most studies have addressed the effects of bottlenecks on the reduction of intramutant spectrum diversity in relation to virus survival and persistence, effects on fitness, or as promoters of stochastic processes and drift in viral evolution. Yet the possible biological effects of specific mutations fixed as a result of bottleneck events remain largely unexplored.
Experimental designs consisting of many successive plaqueto-plaque transfers, without intervening large-population passages, are ideal for obtaining viral clones that are debilitated by the occurrence of mutations because negative selection is highly attenuated (15, 21, 33) . The deleterious nature of some mutations that become fixed in viral genomes subjected to repeated bottlenecks can be inferred from their position in the viral genome and then confirmed experimentally. For example, an internal tract of four oligoadenylate residues that precede the second functional AUG initiation codon of foot-and-mouth disease virus (FMDV) was invariant among natural isolates of the virus or among populations subjected to large-population passages. Yet this oligoadenylate tract was extended in several clones subjected to plaque-to-plaque transfers (17) . This lesion, unique to clones that had undergone multiple bottleneck transfers, was associated with a decrease in replicative fitness (4, 17) , and some of the clones displayed reduced levels of Lb, the form of the leader proteinase L synthesized from the second functional AUG initiation codon (17) . However, the effect of other mutations that accumulate as a result of bottleneck transfers cannot be easily anticipated. Some mutations will likely be neutral while others are deleterious, and there is experimental and in silico evidence that a few mutations are advantageous or compensatory, thereby allowing the virus to survive despite continuous accumulation of mutations (21, 28) .
Nonsynonymous mutations in coding regions may perturb the structure and function of viral proteins. Despite evidence that such mutations can affect viral fitness, in very few cases the biochemical effect of a lesion associated with the operation of Muller's ratchet has been identified. Here, we report that the accumulation of mutations in FMDV subjected to plaque-toplaque passages results in a gradual increase in the thermosensitivity of infectious progeny production, with a severallogarithm decrease in progeny production at 42°C relative to 37°C at plaque transfer 230. Part of the thermosensitivity at early transfers could be traced to a single amino acid substitution, M54I, located at the B-C loop of capsid protein VP1. This loop corresponds to antigenic site 3 of FMDV (30, 36) . We show that the M54I mutation decreases the proteolytic cleavage between capsid proteins VP3 and VP1 and that the impairment is manifested more severely at high temperatures. This cleavage is catalyzed by proteinase 3C pro (31, 50, 51, 56) , which does not show any substitution in the mutant FMDV clone that harbored the M54I mutation in VP1. Thus, a distant amino acid located at an antigenic site of a virus can affect a protein processing step catalyzed by wild-type 3C
pro . We discuss possible models to explain the link between two disparate phenotypic traits, antigenicity and protein processing, in the life cycle of a virus.
MATERIALS AND METHODS

Cells, viruses, and infections.
Procedures to grow BHK-21 cells, to infect them with FMDV, to carry out large-population passages and plaque-toplaque transfers on BHK-21 cell monolayers, and to isolate virus from individual plaques have been previously described (14, 17, 54) . FMDV clone C-S8c1 was derived from natural isolate C-Santa Pau-Spain/70 and cloned in BHK-21 cells (54). Clone C 10 1 was obtained from a single plaque derived from population C-S8c1 subjected to two large-population passages in BHK-21 cells (17) . The characterization of FMDV clones derived from C 10 1 has been previously described (20) (Fig. 1) . Virus from clone C 10 130 (where the subscript indicates the number of plaque-to-plaque transfers) was diluted and plated, and four subclones, termed C d (abbreviated as sublineages a, b, c, and d), were subjected to additional plaque-to-plaque transfers (Fig. 1) . The thermosensitivity of FMDV is defined as the ratio of infectious progeny production at 37°C and 43°C in a standard infectivity assay carried out at a multiplicity of infection (MOI) of 0.5 to 1 PFU/cell. In some assays the restrictive temperature used was 42°C instead of 43°C because when clone C 10 1 was subjected to 230 plaque-to-plaque transfers, it yielded detectable infectious progeny at 42°C but not at 43°C. The procedure is identical to that used to quantify the increase in thermosensitivity of FMDV in the course of persistent infections in BHK-21 cells (12) . Calibrated thermometers were used to ensure that the restrictive temperature was maintained at 42°C Ϯ 0.1°C or 43°C Ϯ 0.1°C throughout the experiments. The thermosensitivities of clones C To determine the thermosensitivity of viral particles, aliquots of FMDV populations were incubated at 43°C in cell culture medium (Dulbecco's modified Eagle's medium [DMEM] ), chilled at 0°C at defined time intervals, and titrated on BHK-21 cell monolayers, as previously described (14) .
FMDV genomic nucleotide sequences. Nucleotide sequencing of genomic RNA of the FMDV clones and populations described in the present study were determined using the ABI 373 sequencer, as previously described (18); all sequences were determined at least in duplicate from independent sequencing reaction mixtures. The sequences of FMDV C-S8c1 and derived clones and populations have been previously reported (17, 19-21, 23, 55) .
Plasmids, infectious transcripts, and electroporation of cells. Plasmid pMT28, which encodes an infectious transcript that produces C-S8c1, has been previously described (23, 55) . Specific mutations were introduced into plasmid pMT28 using oligonucleotides containing the desired changes (3). To generate C-S8c1 or mutant C-S8c1 from the corresponding plasmids, pMT28 or its mutant versions were linearized with NdeI. The linearized plasmid DNA was purified by Wizard PCR Preps DNA purification resin (Promega) and dissolved in RNase-free water. Infectious FMDV RNA was transcribed from the linearized plasmids by using a Riboprobe in vitro transcription system (Promega). The mixture contained transcription buffer (Promega), 10 mM dithiothreitol, 1 mg/ml bovine serum albumin, 0.48 units/l RNasin, 1 mM of each ribonucleoside triphosphate, 4 to 15 ng/l linearized plasmid DNA, and 0.3 or 0.4 units/l SP6 RNA polymerase; incubation was for 2 h at 37°C. The RNA concentration was estimated by agarose gel electrophoresis, with known amounts of rRNA as markers.
To electroporate BHK-21 cells with RNA transcribed in vitro, subconfluent cells were harvested, washed with ice-cold phosphate-buffered saline (PBS), and resuspended in PBS at a density of about 2.5 ϫ 10 6 cells/ml. Aliquots (50 to 80 l) of transcription mixture with the appropriate amount of RNA were added to 0.4 ml of cell suspension, and the mixtures were transferred to 2-mm electroporation cuvettes (Bio-Rad). Electroporation was performed at room temperature by two consecutive pulses of 1.5 kV and 25 F using a Gene Pulser apparatus (Bio-Rad), as described previously (44) . As a control, BHK cells were electroporated with 50 to 80 l of transcription mixture (without template DNA) in PBS to monitor the absence of contamination. The cells were then resuspended in DMEM with 10% fetal calf serum and transferred to culture plates. At 2, 3, and 4 h postelectroporation, cells were metabolically labeled with [ 35 S]Met-Cys, as described in the next section. Mock-electroporated cultures were treated in parallel and served as controls for the experiments of determination of viral infectivity. No evidence of viral contamination was obtained in any of the experiments. In some experiments, BHK-21 cells were transfected with FMDV RNA transcripts using Lipofectin, as previously described (3) .
Transcripts from plasmid pMT28 and from plasmid pMT28 encoding the amino acid substitution M54I in VP1 give rise to viruses that have been termed pMT28-WT (where WT is wild type) and pMT28-M1054I (where 1 indicates VP1 and 054 is the amino acid position in VP1), respectively, throughout this report.
Metabolic labeling of proteins. Viral protein synthesis was analyzed by metabolic labeling with [
35 S]Met-Cys, followed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and fluorography, as previously described (44) . Proteins were labeled by the addition to BHK-21 cells (grown in M-24 wells) of 60 Ci of [
35 S]Met-Cys (Amersham) per ml in methionine-free DMEM. After 1 h of incubation of the cell monolayers with the radioactive medium, the medium was removed, and the cells were harvested in 0.1 ml of sample buffer (160 mM Tris-HCl, pH 6.8, 2% SDS, 11% glycerol, 0.1 M dithiothreitol, 0.033% bromophenol blue). The amount of cell extract used for electrophoretic analysis was normalized to a constant amount of cellular actin, measured by reactivity with monoclonal antibody (anti-␤-actin clone AC-15; Sigma) (44) . In pulse-chase experiments, the metabolic labeling was terminated by washing the cell monolayers with fresh DMEM and maintaining the cells in DMEM with unlabeled methionine during the chosen chase period. The samples were boiled for 5 min, and aliquots were analyzed by SDS-PAGE with 8 M urea, run at 200 V. Fluorography and autoradiography of the gels were carried out as described previously (44) .
Antibodies and Western blot analysis. To identify virus-specific proteins by Western blotting using monoclonal antibodies (37), proteins were separated electrophoretically by SDS-PAGE and transferred to a nitrocellulose membrane (Bio-Rad) in transfer buffer (25 mM Tris-HCl, pH 8. PICORNAVIRUS PROTEIN PROCESSING 6749 membrane was developed by chemiluminescence (ECL kit; Amersham) (27, 44) . FMDV proteins were detected using mouse monoclonal antibodies that recognize capsid proteins VP1, VP3, 2C (kindly provided by E. Brocchi), monoclonal antibody anti-␤-actin clone AC-15 (Sigma), and a polyclonal antibody against the polymerase 3D (38, 44). The amount of cell extract used for Western blot analysis was normalized to a constant amount of cellular actin and corresponded to a concentration of protein in the linear region of the relationship between the Western blot signal and the protein concentration (44) .
RESULTS
Thermosensitivity of FMDV clones subjected to plaque-toplaque transfers. Clone C (Fig. 1) . The clones studied in the present report were generated and described previously (20) . To test whether repeated plaque-to-plaque transfers resulted in a temperature-sensitive (ts) phenotype, infectious progeny production of clonal populations C The results show an increase of up to 10,000-fold in thermosensitivity as a result of the extensive plaque-toplaque transfers ( Fig. 2A and B) . Similar results were observed in the parallel sublineages, including the decrease in thermosensitivity at plaque transfer 180 relative to transfers 130 and 230 for lineages a, b, and d. (Fig. 2B) . Sublineage c was extinguished at transfer 190 (20) , and, therefore, its thermosensitivity could be measured only at transfer 130, in which infectious progeny production at 42°C was below the limit of detection (Fig. 2B) . At plaque transfers higher than 230, no infectious progeny could be detected in infections carried out at a temperature higher than 40°C (Ͻ2 ϫ 10 Ϫ5 -fold the infectivity produced at 37°C). No increase in thermosensitivity was observed in populations of C-S8c1 subjected to large-population passages, with thermosensitivity measured at 43°C (Fig.  2C) . Thus, plaque-to-plaque transfers of FMDV lead to a pronounced ts phenotype.
Mapping of mutations associated with thermosensitivity of FMDV clones. In the course of the serial plaque transfers, the consensus genomic sequence of successive clones accumulated point mutations at an average rate of 0.21 mutations per transfer (Fig. 2D) . The genome of C 10 30 acquired one mutation in the 5Ј untranslated region (U54C), five synonymous mutations, and four nonsynonymous mutations relative to C 10 1 ; the mutations in the last group were C1283U and U1538A, which lead to amino acid mutations I83V and F167Y, respectively, in the L protein; G3369C, which leads to M54I in VP1; and C5876U, which leads to A17V in VPg2 (genomic residues are numbered according to reference 20) . To evaluate the contribution of the mutation at the 5Ј untranslated region and the nonsynonymous mutations to the ts phenotype of C 10 30 , each mutation was introduced separately (except the two mutations in the Lcoding region, which were introduced together) into plasmid pMT28 to produce infectious transcripts. FMDV progeny production in BHK-21 cells by each of the mutant transcripts was measured at 37°C and 43°C. The results (Fig. 3A) show that M54I is the main mutation responsible for the increased thermosensitivity of C 10 30 relative to that of C 10 1 . The decrease in progeny production of pMT28-M1054I at 43°C relative to that at 37°C was observed at all times after infection (Fig. 3B) .
The effect of temperature on virus production was also studied in the absence of intracellular viral competition. To this aim, BHK-21 cells were infected with either pMT28-WT or pMT28-M1054I at an MOI of 0.1 PFU/cell, and the infection was allowed to proceed for only 3 h to prevent subsequent rounds of infection in which cells would be infected by multiple infectious particles. FMDV C-S8c1 entry into BHK-21 cells was completed in 40 min at 37°C, and the initial burst of FMDV infectious progeny production occurred after 2 h postinfection (13) (Fig. 4A) indicate that elevated temperature at late times of infection had a more severe effect on progeny production by the FMDV M54I mutant than elevated temperature at early times postinfection. In a single round of infection, the ratio of wild-type to mutant progeny production was 9.3 when the second and third hours of infection took place at 43°C; the corresponding ratio was 1.5 when the first and second hours of infection took place at 43°C. The results were compatible with two explanations: either a late function of the mutant virus is sensitive to high temperature or the mutant viral particles are less stable at high temperature. This second possibility was ruled out because both pMT28-WT and pMT28-M1054I followed very similar kinetics of inactivation at 43°C (half-life of infectivity of 18.2 and 17.5 min, respectively) (Fig. 4B) . The two slopes are not statistically different (P ϭ 0.7898; Student's t test; 6 degrees of freedom). Thus, a late function appeared to be involved in the increased thermosensitivity of FMDV harboring the amino acid substitution M54I in capsid protein VP1 relative to the wild-type virus.
Protein processing is affected in FMDV with the amino acid substitution M54I. Since the ts phenotype affected a late viral function (Fig. 4) , it was not expected that viral RNA synthesis was impaired at high temperatures. This was confirmed by comparing the amount of virus-specific RNA produced by FMDV pMT28-WT and pMT28-M1054I at 0, 1, 1.5, 1.75, and 2 h postinfection by real-time reverse transcription-PCR. No difference was observed in the amounts of RNA produced by the two viruses at 37°C and 43°C (results not shown).
To address whether the defect of pMT28-M1054I at 43°C could lie in viral protein synthesis, the expression of viral and cellular proteins was analyzed in BHK-21 cells electroporated with infectious transcripts of either pMT28-WT or pMT28-M1054I at 37°C or 43°C. The intracellular proteins were metabolically labeled with [ 35 S]Cys-Met and analyzed electrophoretically, using actin as a control (Fig. 5) . Quantification of cellular proteins relative to actin (measured by Western blotting) indicated a four-to sixfold decrease in the level of cellular proteins expressed at 43°C relative to 37°C (Fig. 5A , compare lanes C at 37°C and 43°C) but a comparable level of shutoff of host cell protein synthesis by viral infection at both temperatures relative to the label in the actin band (determined by pulse-chase with [ 35 S]Met-Cys, as detailed in Materials and Methods) (Fig. 5A) .
Capsid VP1 levels for mutant M54I relative to the wild type at 37°C and 43°C were quantitated by densitometry of the protein band obtained after Western blot analysis using a specific monoclonal antibody against VP1 protein (Fig. 5B) . Expressed relative to the amount of VP1 for wild-type virus (which is taken as 100%), the decrease in VP1 expression in pMT28-M1054I was 10% at 37°C and about 90% at 43°C. Restriction of VP1 expression correlated with an increase at 43°C of the precursor proteins VP3-VP1 and P1 (Fig. 5C ). The levels of 2C and 3D were less affected than the levels of VP1 (Fig. 1 ) was included as a control. The procedure is as described for panel A. (C) Progeny production at 37°C and 43°C of C-S8c1 and C-S8c1 subjected to 50 serial passages in BHK-21 cells (MOI of 1 to 2 PFU/cell) at 37°C. Note that in this control the restrictive temperature was 43°C and that the thermosensitivity of C-S8c1 need not be identical to that of C 10 1 due to passage history ( and VP3 in pMT28-M1054I relative to pMT28-WT at 43°C (Fig. 5B and D) . Once VP1 was produced, its amount remained constant at 37°C and 43°C both in pMT28-WT and pMT28-M1054I, as revealed by pulse-chase experiments (Fig.  6) . Thus, an FMDV mutant with the substitution M54I in VP1
as the only mutation has a defect in the cleavage of the P1 precursor at the VP1-VP3 cleavage site, and the defect is enhanced at high temperatures.
DISCUSSION
High mutation rates and rapid generation of complex mutant spectra during RNA virus replication underlie the profound biological consequences that population bottle- (A) pMT28-WT or pMT28-M1054I was adsorbed onto BHK-21 cells for 1 h at 37°C at an MOI of 0.1 PFU/cell. Infections were continued for either 3 h at 37°C or 1 h at 37°C, followed by 2 h at 43°C or 2 h at 43°C and then by 1 h at 37°C or 3 h at 43°C, as indicated in the abscissa. After the 3-h period the virus was titrated at 37°C. Titrations were carried out in triplicate; standard deviations are given. (B) Aliquots containing 100 to 200 PFU of virus pMT28-WT or pMT28-M1054I, respectively, were incubated at 43°C for the times indicated in the abscissa and titrated at 37°C. Titrations were carried out in triplicate, and standard deviations are given. The standard deviations for times 0, 15, 30, 60, and 120 min were 5.3, 1.2, 6.5, 1.5, and 0, respectively, for pMT28-WT and 39.8, 20.8, 10.4, 7, and 2, respectively, for pMT28-M1054I. The half-life of infectivity was calculated based on the regression lines for pMT28-WT (y ϭ 109.84 e Ϫ0.0384x ; r 2 ϭ 0.9937) and pMT28-M1054I (y ϭ 282.24 e Ϫ0.0395x ; r 2 ϭ 0.9772). Procedures are described in Materials and Methods.
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necks can have on virus fitness, adaptability, and pathogenesis (2, 8, 15, 21, 22, 26, 28, 32, 42, 44, 46-48, 52, 53) . Clinical consequences of bottleneck events have been manifested in hepatitis C virus infections in which high inoculation doses predict chronicity of the infection while small-dose infections are often associated with virus clearance (reviewed in reference 46). The numbers and types of mutations that are associated with a fitness decrease as a result of repeated plaque-to-plaque transfers (operation of Muller's ratchet) have been studied in detail with FMDV in our laboratory. Studies have included measurement of the rate of accumulation of mutations (0.26 to 0.34 mutations per transfer) (20, 21) ; the identification of unusual genetic lesions associated with repeated bottlenecks (17) ; the demonstration of a biphasic and fluctuating fitness decrease in the course of bottleneck transfers, with resistance of the virus to extinction prompted by compensatory mutations (19, 28, 29) ; the adherence of the fluctuating fitness values to a statistical Weibull function (29) ; and the striking evolution toward noncytopathic forms of FMDV (20) . In the present study we have shown that an FMDV clone subjected to plaqueto-plaque transfers undergoes a gradual increase in thermosensitivity. While the ratio of infectious progeny production at 37°C versus 42°C was about 10 for the parental clone C 10 1 , it reached 4 ϫ 10 6 at the end of 230 plaque-to-plaque transfers (Fig. 2) . Interestingly, four parallel sublineages that were initiated at passage 130 (Fig. 1) maintained their ts character, including a transient decrease in thermosensitivity at transfer 180 in sublineages a, b, and d, for which thermosensitivity could be measured (Fig. 2B) . Such striking phenotypic simi- , and VP1 are indicated. P1 and VP3-VP1 were also positive with monoclonal antibody 6C2, which is specific for VP3 (38) . The second blot is a longer exposure of the gel region around VP1; the percentage of pMT28-M1054I VP1 relative to pMT28-WT VP1, given at the bottom, was determined by densitometry of the VP1 bands using the appropriate exposure for each temperature (Ϫ, no density above the background was detected). Indication of FMDV proteins and molecular mass markers are as in panel A. (Our analysis did not determine whether the bands assigned to P1 and VP3-VP1 included 2A [50, 51, 56] ). (C) A three-dimensional representation of the data shown in panel B at 3 to 4 (4 HPE) and 4 to 5 (5 HPE) h postelectroporation. The percentages of precursor proteins for the wild type (WT) and mutant M54I (MI) viruses at 37°C and 43°C were determined by densitometry of a Western blot with the appropriate exposure (shown on the right); the results are relative to the VP1 level, taken as 100%. (D) Western blot analysis using antibodies specific for VP3, 2C, and 3D of FMDV and ␤-actin at 4 h postelectroporation. The percentages at the bottom of the blots were determined by densitometry of the specific bands with the appropriate exposure for each temperature (Ϫ, no density above the background was detected). Procedures are described in Materials and Methods. (26, 27, 46, 49) . It is difficult to venture a molecular interpretation of the transient decrease in thermosensitivity at plaque transfer 180 that was observed in the three parallel lineages for two reasons: (i) the ts character is cumulative as a result of the addition of mutations at a constant rate in the viral genome (Fig. 2) , and (ii) the mutations introduced from plaque transfer 130 until plaque transfer 230 are different in the four sublineages. Thus, some constraints might guide the virus toward a number of alternative mutational changes compatible with survival that by chance reduce thermosensitivity in a transient way; the molecular basis of such constraints is unknown. One possibility is that the observed increased thermosensitivity could be related to decreased robustness, as suggested by theoretical considerations (9, 40, 57) . One of the mutations that contributed to the ts character of FMDV clone C 10 30 is transversion G3369C, which leads to the amino acid substitution M54I in VP1 (Fig. 3) . This mutation was acquired during the first 30 transfers of clone C 10 1 (17) and was maintained at least up to transfer 230 (20) . Therefore, M54I was present in the four sublineages that increased their thermosensitivity in parallel. The remarkable increase in thermosensitivity with additional plaque transfers of C 10 30 indicates that other viral functions must be affected as a result of the accumulation of mutations (Fig. 2) .
Comparison of the pattern of FMDV protein expression using infectious transcripts that differed exclusively in transversion G3369C indicated that the mutant expressing VP1 with M54I yielded lower levels of mature VP1 than wild-type FMDV, and the difference was much more pronounced at 43°C than at 37°C (Fig. 5) . In FMDV, as well as in other picornaviruses, capsid proteins are produced by the processing of a precursor P1 protein by 3C pro (7, 25, 51, 56) . Concomitantly with a decreased amount of VP1, the mutant virus, but not the wild-type, showed accumulation of the uncleaved VP3-VP1 and P1 precursors at 43°C. Therefore, FMDV with the mutation M54I in capsid protein VP1 as the only mutation in the FMDV genome shows a defect in processing of capsid protein precursor P1, even though the substitution is 54 amino acids away from the VP3-VP1 processing site in the primary structure. Our analysis did not allow us to distinguish whether the capsid precursor also included 2A (50, 51, 56) .
Residue M1054 is located 6 residues downstream of the B-C loop of capsid protein VP1 and belongs to a stretch of exposed amino acids (residues 38 to 61) on the capsid surface (accessible to a surface probe of 0.2-nm radius) (35, 36) . The B-C loop of VP1 is close to the fivefold axis and constitutes antigenic site 3 of FMDV (1, 30, 35, 36) . M1054 is conserved in FMDV of serotype C even though it is surrounded by amino acids that are replaced in monoclonal antibody escape mutants (11, 34, 36) . Conservation of M1054 may relate to its involvement in P1 processing. The ␣-carbons of M1054 and Q3219 (the C-terminal residue of VP3 at the cleavage site) are 12 Å apart, and direct interactions between these two amino acids are unlikely. However, Q3219 is in direct contact with the B-C loop of VP1, in particular, with H1057. Both M1054 and H1057 establish contacts with Q1055 and A1056 (1, 30). Therefore, an indirect influence of M1054 on the processing site cannot be excluded. However, the structure of VP3-VP1-containing precursors need not include VP1 and VP3 with the same conformation as in viral particles. Furthermore, in an analysis of the processing of truncated forms of the FMDV polyprotein by FMDV-infected cell extracts in a rabbit reticulocyte lysate system, removal of the C-terminal regions of the P1-2A and 2BC precursors impaired their cleavage by 3C pro (50) . Since the three-dimensional structure of the capsid precursors of FMDV, as they act as 3C pro substrates, is not known, it cannot be excluded that M1054 can exert a short-distance effect on the cleavage site.
The VP3-VP1 cleavage site in pMT28 has the amino acid sequence ARQQ/T (where the slash represents the cleavage site), which is one of several alternative sequences found at this VP3-VP1 cleavage site among different FMDV isolates (51) . The sequence is in agreement with the proposed picornavirus consensus sequence for 3C pro cleavage (P4-X-X-P1/P1Ј, in which P4 is a hydrophobic amino acid, X is any amino acid, P1 is Q, and P1Ј is a small amino acid) (31) . Therefore, there is no unusual feature in the amino acid sequence of FMDV C-S8c1 at the VP3-VP1 junction that could render this cleavage more sensitive to perturbation by neighboring or distant sites. Effects at a distance within a viral particle or a viral protein are not uncommon. They have been observed among distant antigenic sites of FMDV (6, 35, 43) and in the poliovirus polymerase in connection with sites that can influence catalysis and templatecopying fidelity (5) . It should also be considered that the effect of M1054 on P1 processing might be exerted indirectly through an altered interaction with a host factor involved in positioning or folding of the P1 substrate, as previously shown for other picornaviruses (24, 31) .
Independently of the molecular mechanism involved, the results reported here link two seemingly unrelated phenotypic traits: a surface domain of a capsid involved in antigenicity and a protein processing event essential to complete the virus life cycle. The defect associated with M54I affects secondary processing cleavages in trans, which are slower than the primary polyprotein processing reactions. Consistent with this, the ts phenotype associated with mutation M54I is manifested at late times during FMDV infection (Fig. 4A) . Thus, the mutational instruction prompted by the operation of Muller's ratchet under limited negative selection has unveiled an unexpected molecular interaction that critically affects the picornavirus life cycle. More work is needed to investigate whether other residues around antigenic site 3 or residues at other antigenic sites may also influence polyprotein processing and to identify functions responsible for the increased thermosensitivity associated with additional plaque transfers. The results illustrate the benefits of pursuing at the biochemical level the basis of decreases in virus fitness that are associated with repeated bottleneck events.
